Major depressive disorder (MDD) often emerges during adolescence, a critical period of brain development. Recent resting-state fMRI studies of adults suggest that MDD is associated with abnormalities within and between resting-state networks (RSNs). Here we tested whether adolescent MDD is characterized by abnormalities in interactions among RSNs. Participants were 55 unmedicated adolescents diagnosed with MDD and 56 matched healthy controls. Functional connectivity was mapped using resting-state fMRI. We used the network-based statistic (NBS) to compare large-scale connectivity between groups and also compared the groups on graph metrics. We further assessed whether group differences identified using nodes defined from functionally defined RSNs were also evident when using anatomically defined nodes. In addition, we examined relations between network abnormalities and depression severity and duration. Finally, we compared intranetwork connectivity between groups and assessed the replication of previously reported MDD-related abnormalities in connectivity. The NBS indicated that, compared with controls, depressed adolescents exhibited reduced connectivity (po0.024, corrected) between a specific set of RSNs, including components of the attention, central executive, salience, and default mode networks. The NBS did not identify group differences in network connectivity when using anatomically defined nodes. Longer duration of depression was significantly correlated with reduced connectivity in this set of network interactions (p = 0.020, corrected), specifically with reduced connectivity between components of the dorsal attention network. The dorsal attention network was also characterized by reduced intranetwork connectivity in the MDD group. Finally, we replicated previously reported abnormal connectivity in individuals with MDD. In summary, adolescents with MDD show hypoconnectivity between large-scale brain networks compared with healthy controls. Given that connectivity among these networks typically increases during adolescent neurodevelopment, these results suggest that adolescent depression is associated with abnormalities in neural systems that are still developing during this critical period.
INTRODUCTION
Major depressive disorder (MDD) is the leading cause of disability and morbidity in teenagers and young adults worldwide (Jamison et al, 2006) , with an estimated lifetime prevalence of 24% by age 25 years (Lewinsohn et al, 1998) .
Compared with adult-onset MDD, adolescent-onset MDD is associated with an increased likelihood of recurrent depressive episodes, increased symptom severity, and higher risk of suicide throughout the lifespan (Birmaher and Brent, 2007; Birmaher et al, 2002; Jamison et al, 2006; Kessler and Walters, 1998) . Moreover, adolescence is a period of marked neurodevelopment in functional brain networks (Fair et al, 2008 (Fair et al, , 2009 Supekar et al, 2009) ; recent evidence indicates that mood disorders such as MDD may alter the neurodevelopmental trajectories of these networks (Ho et al, 2015) . Few studies, however, have investigated empirically the effects of MDD on functional brain networks in adolescence.
Researchers have used resting-state functional connectivity methods to assess functional brain networks; these methods index the strength of correlation between pairs of brain regions during task-free conditions. Studies of resting-state functional connectivity have documented widespread abnormalities in depressed adolescents (for a review, see Kerestes et al, 2010) and adults (for a review, see Mulders et al, 2015) . These abnormalities typically involve regions associated with intrinsic resting-state networks (RSNs): the frontoparietal central executive network (including dorsolateral prefrontal cortex), the cingulo-opercular salience network (including cingulate and insular cortex), and the default mode network (including medial prefrontal, posterior cingulate cortex, and the precuneus) (Menon, 2011) . Several studies of adolescent MDD have assessed the functional connections of a single region, or 'seed'. Seed-based approaches are useful for assessing how a given seed region is functionally connected to the rest of the brain or to specific other brain regions but do not allow for the assessment of functional interactions among multiple brain regions or networks. The brain is composed of large-scale functional networks that integrate signals from multiple regions to facilitate effective information processing; network-based approaches allow the characterization of this large-scale integration (Rubinov and Bullmore, 2013) .
'Brain connectomics' is the study of comprehensive maps of structural and functional connections in an organism's central nervous system (Rubinov and Bullmore, 2013) . In this framework, whole brain connectivity is modeled as a network (or graph), with brain regions as nodes and functional or structural connections as edges. The resulting networks can be compared using summary network measures or at the level of a single connection or sets of connections. The latter type of comparison can be performed, for example, using the network-based statistic (NBS), which offers a powerful approach that characterizes differences in the interconnectedness between multiple regions across sets of networks (Zalesky et al, 2010) . Relatedly, graph theoretical analysis permits the calculation of summary measures that quantify various characteristics of network topology and organization (Fornito et al, 2013) . These metrics permit the detailed characterization of largescale network properties (see section 'Graph Metric Computation' in Supplementary Materials for descriptions and properties of several graph metrics). Network properties can thus be assessed in relation to the whole brain or specific regions and can be used to understand abnormalities that may be important in characterizing psychiatric and neurological dysfunction.
To date, only one preliminary study that included 12 depressed adolescents has used graph theory to examine connectivity in adolescent MDD (Jin et al, 2011) , and no investigations have yet used the NBS or graph theory to study interactions among RSNs in depressed adolescents. Jin et al (2011) reported widespread MDD-related increases in the graph metric of nodal degree (i.e., the number of connections of a region) and MDD-related decreases in the graph metric of small-worldness, which indicates that the MDD group has some combination of less dense local clustering of connections and longer path lengths between distant pairs of nodes compared with the CTL group (Bassett and Bullmore, 2006) . Importantly, these findings appear to contradict most prior graph theoretical resting-state studies in adult MDD, which have found no differences between MDD and healthy controls in small-worldness (Bohr et al, 2012; Meng et al, 2014; Ye et al, 2015; Zhang et al, 2011) or nodal degree (Bohr et al, 2012; Lord et al, 2012; Meng et al, 2014; Zhang et al, 2011) . Moreover, even within studies of adult MDD that have used the NBS and graph theory, results are inconsistent, perhaps reflecting the heterogeneity of the patient samples with respect to such factors as age, age of depression onset, number of depressive episodes, comorbidities, and medication. Furthermore, almost all of the NBS and graph studies of MDD (adolescent and adult) to date, including the study by Jin et al (2011) , used anatomically defined nodes. Such nodes may not have homogenous signal if they do not fall within a single functional region and therefore may be suboptimal for characterizing functional network properties (Gordon et al, 2014) . Thus further research with larger samples and functionally defined nodes is needed to assess the replicability of these preliminary findings in depressed adolescents, to determine possible concordance in functional network abnormalities between adolescent and adult MDD, and to identify meaningful and potentially clinically significant neural abnormalities in individuals with MDD.
The primary goal of this study was to assess abnormalities among interactions between RSNs by applying the NBS and graph theory to resting-state data from a large cohort of adolescents with MDD compared with well-matched healthy controls (CTL). Based on the preliminary graph theory study of adolescent depression and prior network studies of adult MDD, we hypothesized that adolescents with MDD would be characterized by large-scale functional abnormalities in connectivity among RSNs theorized to be adversely affected by MDD, including the central executive, salience, default mode, and limbic networks (Kerestes et al, 2010; Mulders et al, 2015) . Specifically, we hypothesized decreased connectivity between the central executive and other networks in MDD vs CTL and increased network connectivity between the limbic and other networks. Based on the preliminary findings by Jin et al (2011) , we hypothesized reduced smallworldness and increased intranetwork nodal degree of the limbic network in MDD vs CTL. Because anatomically defined nodes have been used most commonly in graph theoretical studies of MDD (Gong and He, 2015) , we also conducted analyses using nodes defined from anatomical parcellation to further contextualize group differences in network properties identified using nodes from functionally defined from RSNs. In addition, within the group of MDD adolescents, we examined whether network abnormalities were related to either the severity or duration of depression. To provide a more comprehensive analysis, each of the 17 nodes was broken down into smaller nonadjacent components and between-group differences in intranodal functional connectivity were assessed. Finally, to assess replication of previous findings from our group (Connolly et al, 2013) and concordance with meta-analytic results from the adult MDD literature (Kaiser et al, 2015) , we conducted a series of additional seed-based functional connectivity analyses.
MATERIALS AND METHODS

Participants and Clinical Information
Study protocol, recruitment procedures, clinical and diagnostic assessments, and inclusion/exclusion criteria have been previously described (Connolly et al, 2013; Ho et al, 2015) and are also detailed in 'Participants and Clinical Information' in Supplementary Materials. Data from 55 unmedicated MDD and 56 CTL adolescents were included in the current study. Participants were aged between 13 and 18 years, right handed, and physically healthy. All participants and their parent(s)/legal guardian(s) provided written informed assent and consent, respectively, in accordance with the Declaration of Helsinki. The Institutional Review Boards at the University of California San Diego, University of California San Francisco, Rady Children's Hospital in San Diego, and the County of San Diego approved this study.
MRI Data Acquisition
Data were collected using a 3T MRI system (MR750, GE Healthcare, Milwaukee, Wisconsin). T1-weighted (T1w) images were collected for anatomical registration and localization. Resting-state fMRI data were collected using echo planar imaging (EPI). See 'MRI Data Acquisition' in Supplementary Materials for details. Table 1 for RSN functional labels. (b) (1) T1-weighted (T1w) and echo planar fMRI images (EPIs) were acquired using an MRI system. (2) T1w and EPI images were preprocessed, including normalization to MNI space. (3) Time courses were extracted from each RSN (nodes), and functional connectivity was assessed for all pairs of RSNs (edges). (4) This resulted in a 17 × 17 correlation matrix for each participant. (5) These correlation matrices were used in subsequent network analyses using the network-based statistic (NBS) and graph theory.
MRI Data Preprocessing
Briefly, EPI data were despiked, slice-time and motion corrected, normalized, filtered, and smoothed. Effects from nuisance covariates were mitigated using multiple linear regression. Data associated with excessive movement were removed. Individuals with excessive movement were excluded from analysis. See 'MRI Data Preprocessing' in Supplementary Materials for details. We conducted a control analysis and found that between-group network differences were not attributable to motion-related group differences (see 'Control Analyses for Movement and Censored Volumes' in Supplementary Material).
Network Node and Edge Definition
Networks are defined as sets of nodes and their edges. To identify functional relations among RSNs, here RSNs represented nodes, and edges were represented by statistical interdependence in BOLD signals between RSNs. RSNs were defined based on the 17-network solution from Yeo et al (2011) projected to MNI152 space. See Figure 1a for RSN renderings and Table 1 for RSN labels, and section 'Functional Labels for the Yeo 17-Network Solution Networks' and Supplementary Table S2 in Supplementary Materials for information on functional label derivation. For edge definition, as is commonly performed, functional connectivity was computed for every pair of RSNs using partial correlation coefficients, while accounting for signal from all other RSNs. See Figure 1b for a summary of the analysis pipeline.
Calculation of the NBS
We used the NBS to identify large-scale interactions among RSNs that differentiated the MDD from the CTL group (Zalesky et al, 2010) . The NBS controls the family-wise error rate when conducting mass-univariate tests across the connections of a graph. Similar to cluster-extent methods in mass-univariate analyses of fMRI data, NBS identifies the extent of interconnected edges that are statistically associated with a given contrast. Because NBS assesses a whole-graph property (i.e., number of interconnected edges) instead of edges individually, it offers substantial increases in statistical power over methods that correct for multiple comparisons across tests at all edges individually. See 'Calculation of the Network-Based Statistic' in Supplementary Materials for more details.
Global and Local Graph Metrics
Global graph metrics summarize whole-graph properties. Local graph metrics characterize single nodes in a graph based on the network characteristics related to that node. Global and local graph metrics were computed from binarized correlation matrices using an adaptive thresholding procedure (see 'Network Binarization' in Supplementary Materials for details). We computed the global graph metrics of (1) clustering coefficient, (2) characteristic path length, (3) small-worldness, and (4) global efficiency, and the local graph metrics of (1) degree, (2) betweenness centrality, and (3) local efficiency (as in Korgaonkar et al, 2014; Zhang et al, 2011) . See 'Graph Metric Computation' in Supplementary Materials for equations used and details regarding the network properties that these metrics assess. Nonparametric permutation-based statistical tests were used to assess group differences in each graph measure (Bullmore et al, 1999 ) (see 'Group Differences in Global and Local Graph Metrics' in Supplementary Material for details).
Anatomically Defined Nodes
To date, the anatomically defined AAL atlas (TzourioMazoyer et al, 2002) is the most commonly used node definition for the assessment of graph metrics in MDD (Gong and He, 2015) . Here, to conduct a more comprehensive analysis, we also assessed network differences between groups using nodes defined from the AAL atlas. We conducted these analyses using the same methods that were described for the analyses with nodes based on the Yeo 17-network solution (Yeo et al, 2011) .
Correlations Between Network Metrics and Clinical Measures and Age
For all network metrics on which the MDD and CTL groups differed significantly, we computed correlations within the MDD group between that metric and the severity and duration of depression. Severity of depression was measured as total T-scores on the Reynolds Adolescent Depression Survey-Version 2 (RADS-2) (Reynolds and Mazza, 1998) . Duration of depression was defined as the difference in each participant's current age and the integer age in years at which they reported that their first depressive episode occurred. Pearson correlation was used except when either variable was non-normally distributed as assessed by the Lilliefors test (po0.05), in which case Spearman's rank correlation was used. One participant was missing RADS-2 scores (resulting in n = 54), and nine participants did not provide information for calculation of depression duration (n = 46). Three participants reported multiple values (i.e., a range, or uncertainty) for the age at which their first depressive episode occurred. For these cases, duration was computed as the average of these values. Both within and across groups, analyses were conducted to test whether network properties that were associated with MDD were related to age. All correlation analyses were conducted in MATLAB (The MathWorks, Natick, MA).
Intranodal Connectivity
Additional analyses were conducted to assess intranodal connectivity for all the 17 nodes. Spatially distinct components of each node were identified from the Yeo 17-network solution using a connected components analysis (Yeo et al, 2011) . Two-sample t-tests were used to assess significance of the difference between correlation coefficients that were z-transformed. Multiple linear regression was used before significance testing to mitigate effects related to age, gender, and Wechsler Abbreviated Scale of Intelligence (WASI) total scores. Intranodal analyses were conducted using MATLAB (The MathWorks).
Correcting for Multiple Comparisons
Bonferroni correction was used to account for false positive inflation from multiple statistical comparisons. We used the NBS to assess network abnormalities that were characterized by greater connectivity in the MDD group than in the CTL group and less connectivity in the MDD group than in the CTL group. To account for these multiple tests, α was set to 0.025 (0.05/2). As in Korgaonkar et al (2014) , Bonferroni correction was used for tests of global graph metrics (α = 0.0125; 0.05/4) and again for each local graph metric across all regions (α = 0.00294; 0.05/17) (Korgaonkar et al, 2014) . For the correlational analyses, tests were corrected at the level of clinical measures (α = 0.025; 0.05/2) and then again in follow-up analyses that were used to assess relations between clinical variables and specific connections between RSNs (α = 0.05/n, where n = number of connections). Bonferroni correction was also used for the intranodal analyses such that all tests for each node were corrected. For example, node 2 (visual network) was composed of 6 discontinuous subcomponents and resulted therefore in 15 total tests, with a significance threshold of p = 0.003 (i.e., 0.05/15).
Replication of Connolly et al (2013) and Kaiser et al (2015) We conducted a series of seed-based analyses in order to assess replication of Connolly et al (2013) and Kaiser et al (2015) . 
RESULTS
Demographic and Clinical Characteristics
The MDD and CTL groups did not differ significantly in age, gender, pubertal stage, or socioeconomic status (all ps ⩾ 0.25; Supplementary Table S1 ). As expected, the MDD group exhibited higher levels of depression and anxiety (all pso0.001). The CTL group obtained higher scores on the WASI than did the MDD group (po0.001). For subsequent analyses, network measures were regressed on age, gender, and WASI scores, and the resulting residuals were used in group-level analyses (e.g., as in Bai et al, 2012; Zhang et al, 2011 ; see Supplementary Material 'Calculation of the Network-Based Statistic' and 'Group Differences in Figure 2 Results of the network-based statistic (NBS). Schemaball representation of reduced connectivity between resting-state networks (RSNs) in the MDD compared with the CTL group. Network colors and numbers (associated with a given node represented as a square) correspond with those presented in Figure 1 . Red lines indicate reduced connectivity in the MDD vs CTL group between the given networks identified using NBS. All results controlled for age, gender, and levels of intelligence. See Table 2 for network labels and Table 3 for details on results from the NBS. The identified network is described in terms of the direction of the group effect, the total number of nodes and edges, and the nodes that each edge connected. Statistics are presented from the NBS permutation test and from the independent-sample one-sided t-tests for each edge (df = 109). The network was characterized by greater connectivity in the CTL than in the MDD group (permutation test, p = 0.0237). This NBS-identified network included eight nodes and seven edges. See Figure 2 for visual representation of connectivity.
Global and Local Graph Metrics'). For the correlations computed between age and network properties, the network properties were regressed only on gender and WASI scores.
Results of the NBS
We used the NBS to identify sets of connections among wellestablished RSNs (Figure 1 , Table 1 ) on which the depressed and nondepressed groups differed. The NBS identified one such set of connections: (po0.024, corrected; Figure 2 ). Specifically, this set of connections between RSNs was characterized by hypoconnectivity in the MDD group compared with the CTL group among the dorsal attention, cingulo-opercular salience, frontoparietal central executive, default mode, and somatomotor networks. The specific RSNs, quantification of their functional connectivity, and related group differences are presented in Table 2 .
Group Differences in Global and Local Graph Metrics
There were no significant group differences in any global or local graph metrics following Bonferroni multiple comparisons correction (see Supplementary Tables S3 and S4) .
Results Using Anatomically Defined Nodes
Using AAL atlas-based nodes, the NBS did not yield a group difference in connectivity (p40.10).
Correlations Between Network Metrics and Measures of Depression and Age
To assess relations between NBS-identified abnormal connectivity and clinical measures, for each MDD participant we averaged Fisher's transformed partial correlation coefficients across NBS-identified connections in which there was a significant group difference in functional connectivity and computed correlations with RADS-2 T-scores and depression duration. A significant negative correlation was obtained between depression duration and the average connectivity of the set of connections with reduced connectivity among attention, salience, default mode, and somatosensory RSNs (Table 2; Spearman's ρ = − 0.344, p = 0.020, corrected). Thus individuals who had longer duration of depression exhibited less connectivity among the RSNs that had reduced intranetwork connectivity in the MDD compared with the CTL group. To further explore this relation, we computed the correlations between depression duration and the connectivity between each pair of RSNs from the NBS-identified set of connections. These analyses yielded a significant negative correlation between depression duration and functional connectivity between dorsal attention networks (networks 5 and 6 in Figure 1 and Table 1 ; Spearman's ρ = − 0.425, p = 0.003, corrected). None of the other correlations was statistically significant, including correlations between network properties and age either across or within groups (see Supplementary Table S5 for results).
Group Differences in Intranodal Connectivity
Analysis of intranodal connectivity yielded a significant effect for one connection within the attention network (network 5), one of the networks showing reduced internetwork connectivity in our NBS analysis. Specifically, the MDD group exhibited reduced functional connectivity compared with the CTL group (t(109) = 3.05, p = 0.003; M/SD: MDD − 0.050/0.163; CTL 0.049/0.177). The regions implicated in this connectivity were bilateral components of the attention network located along the parieto-occipital sulcus at the The NBS-identified network mean connectivity was correlated with current depression severity and duration of depression. Depression severity was measured using total T-scores from the Reynolds Adolescent Depression Survey-Version 2 (RADS-2) (Reynolds and Mazza, 1998) , and depression duration was computed as the difference in years between current age and age of depression onset. Significant mean network correlations were followed by correlations at each edge. Pearson ρs are reported unless either the brain or the clinical data did not meet the assumption of normality as assessed by Lilliefors test (po0.05), when instead Spearman's rank correlation ρs are reported. a Computed using Spearman's rank correlation, otherwise Pearson's product-moment correlation was used. b Significant after Bonferroni correction for the testing of two clinical metrics. c Significant after Bonferroni correction for the testing of seven edges (α = 0.007 = 0.05/7).
juncture of dorsal occipital and ventral parietal cortex, spanning to temporal cortex (see Supplementary Figure S1 for surface renderings). No other connection for any other node exhibited a statistically significant group difference after Bonferroni correction.
Replication of Connolly et al (2013) and Kaiser et al (2015) Additional seed-based analyses were conducted to assess replication of Connolly et al (2013) and Kaiser et al (2015) . The results from Connolly et al (2013) were largely replicated in this overlapping and larger data set, including: (1) greater functional connectivity between sgACC and bilateral insulae in the MDD compared with the CTRL group; (2) greater functional connectivity between sgACC and right amgydala in the MDD compared with the CTL group; and (3) Kaiser et al (2015) replicated in the current data set include: (1) reduced intranetwork executive control network connectivity in the MDD compared with the CTL group; (2) increased intranetwork default mode network connectivity in the MDD compared with the CTL group; (3) decreased connectivity between executive control and dorsal attention networks in the MDD compared with the CTL group; (4) increased connectivity between executive control and default mode networks in the MDD compared with the CTL group; (5) decreased connectivity between the default mode and salience networks in the MDD compared with the CTL group; (6) decreased connectivity between the limbic and default mode networks in the MDD compared with the CTL group; and (7) decreased connectivity between the salience network and a seed in the precuneus (for details, see Supplementary Results 'Replication of Kaiser et al (2015) '; Supplementary Table S8) .
DISCUSSION
This is the first study to use network-based analyses to assess abnormalities in connectivity among intrinsic RSNs in adolescents with MDD. Our investigation yielded several novel findings. First, relative to healthy controls, adolescents with MDD exhibited significantly reduced functional connectivity in a set of interconnected RSNs. Specifically, we found reduced functional connectivity among attention, central executive, salience, default mode, and somatosensory RSNs (Figure 2 ). MDD-related abnormalities in network connectivity were not identified when using anatomically defined nodes. Moreover, longer depressive duration was significantly associated with reduced connectivity among these RSNs and, in particular, with connections between dorsal attention networks. Previous studies have demonstrated that RSN connectivity matures during adolescent development, with neighboring connections weakening and distant connections strengthening over time, particularly in attention, central executive, salience, and default mode networks (Fair et al, 2007 (Fair et al, , 2008 (Fair et al, , 2009 Power et al, 2010) . In this context, our results are consistent with the idea that adolescent MDD affects neurodevelopmental trajectories of functional networks in the form of hypoconnectivity between developing RSNs (Menon, 2013; Weir et al, 2012) . Finally, we replicated results reported in prior resting-state work in both depressed adolescents and adults (Connolly et al, 2013; Kaiser et al, 2015) , which suggests that a consistent pattern of abnormal connectivity manifests in MDD. Contrary to our hypotheses, we did not observe group differences in network connections of limbic RSNs. Although this was surprising, it may be explained by findings that functional network development during adolescence is concentrated primarily in attention, central executive, salience, and default mode networks (Fair et al, 2009; Grayson et al, 2014; Kelly et al, 2009; Power et al, 2010) . During early to mid-adolescence, the anterior cingulate cortex (ACC) and other anterior prefrontal cortical regions specifically reorganize and shift connectivity from frontoparietal central executive networks to cingulo-opercular salience networks (Fair et al, 2009; Power et al, 2010) . Recent work has also demonstrated that, in attention, central executive, and default mode networks, shorter connections tend to be stronger in children and weaken over development, whereas longer-distance connections are relatively weak in children and strengthen with development (Fair et al, 2009; Kelly et al, 2009; Supekar et al, 2009) . In contrast, limbic networks solidify early in development (Smyser et al, 2010; Yu et al, 2014) . Thus our results offer initial evidence that adolescent MDD may affect the connectivity patterns of specific functional networks that are still undergoing development.
Our results are consistent with several findings from the adolescent MDD literature but are ultimately difficult to compare directly, given different methodological approaches and investigatory objectives. For example, while some of the resting-state studies in adolescent MDD provide evidence of reduced functional connectivity of nodes of several RSNs assessed in the present study, sample characteristics (age range, comorbidities, and medication status) may account for their report of opposing directionality of connectivity (Cullen et al, 2014; Davey et al, 2012) . Of note, prior studies examining resting-state functional connectivity in adolescent MDD (Connolly et al, 2013; Cullen et al, 2014; Davey et al, 2012; Ho et al, 2015) did not examine connectivity between RSNs. Instead, these studies focused on assessing functional connectivity of a relatively small single seed region as a proxy for an entire network (e.g., dorsal ACC as a proxy for salience network) or used anatomically defined templates. Anatomically defined ROIs often span RSNs and thus may not have homogenous signal (Gordon et al, 2014) . Moreover, depression onset, duration, and severity influence the development of functional networks (Meng et al, 2014; Tao et al, 2011; Zhang et al, 2011) and could contribute to the different presentations in adolescents compared with adults with MDD. Our approach of employing NBS and graph analyses to examine RSNs as functionally defined nodes and to investigate interactions among multiple RSNs is critical and relevant to the study of MDD in the adolescent brain, where network-level development is still ongoing (Fair et al, 2007; 2008; Power et al, 2010) . From a neurodevelopmental perspective, our study of a sample of adolescents who are still undergoing development in functional networks may explain why we found overall reduced connectivity between RSNs in contrast to the findings of increased connectivity that are often reported in adult MDD (Greicius et al, 2007; Sheline et al, 2010; Tao et al, 2011; Zhang et al, 2011) and have also been reported in some seed-based functional connectivity studies of adolescent MDD (Connolly et al, 2013; Cullen et al, 2014; Davey et al, 2012; Ho et al, 2015; Pannekoek et al, 2014) . Our findings also highlight the importance of considering neurodevelopmental factors when forming and testing neural models of MDD and potentially focusing on network-based outcomes as promising treatment targets.
Our results of reduced connectivity among several RSNs in the MDD vs CTL adolescents were obtained in the absence of significant group differences in global and local graph metrics. Thus our results do not match the preliminary graph theory results by Jin et al (2011) , who reported reduced small-worldness and increased nodal degree in adolescents with MDD compared with controls. Our findings are consistent, however, with graph studies of adult depression in which small-worldness was preserved in patients with MDD (Bohr et al, 2012; Lord et al, 2012; Meng et al, 2014; Veer et al, 2010; Zhang et al, 2011) . A recent diffusion-weighted imaging study of adult MDD used the NBS and assessed graph metrics of structural brain networks. This investigation also did not find significant group differences in global and local graph metrics, despite reporting significant group differences in the NBS-identified subnetworks (Korgaonkar et al, 2014) . Given that NBS and graph metrics assess distinct aspects of network topology, discrepancies between NBS and global and local graph metric results are therefore not necessarily surprising.
The hypoconnectivity between RSNs that we observed in adolescents with MDD correlated significantly with longer depression duration but did not correlate with depression severity at the time of scan. Self-report measures of levels of depressive symptom severity, such as the RADS-2, assess mood state. Thus it may be that functional abnormalities between specific pairs of regions reflect depressive state, such as those results from seed-based studies that have been reported previously (Connolly et al, 2013; Cullen et al, 2014; Davey et al, 2012) . Our finding of weaker connection strength among RSNs significantly correlating with greater depression duration may reflect a 'neural scar' or more long-term neurobiological marker of this disorder. Given that RSN connectivity maturation during adolescent development is in part characterized by strengthened connections among attention, central executive, salience, and default mode networks (Fair et al, 2009; Power et al, 2010) , it is possible that our results reflect delayed neurodevelopment in adolescents with MDD. However, longitudinal studies are needed to test this possibility more explicitly and systematically.
Importantly, our results replicate previous resting-state functional connectivity work in MDD. Kaiser et al (2015) conducted a meta-analysis of functional connectivity in adolescent to elderly MDD across 25 publications that included 556 individuals with MDD and 518 healthy controls. It is noteworthy that we have replicated, using seed-based methods, the connectivity results reported (Kaiser et al, 2015) . Additionally, we have also replicated Connolly et al (2013) in our overlapping and larger sample. The current replications indicate that the large-scale hypoconnectivity associated with the MDD compared with the CTL group that was quantified using the NBS co-occurs with network connectivity abnormalities that have been observed previously in individuals with MDD and have been identified using seed-based methods as applied by our group (Connolly et al, 2013) and using meta-analytic methods (Kaiser et al, 2015) . Future research should further explicate the relations between large-scale hypoconnectivity and cognitive, affective, clinical, and behavioral abnormalities related to MDD. For example, our current results have implicated abnormalities of the attention, salience, and default mode networks in large-scale hypoconnectivity in adolescent MDD. Future research should assess whether this hypoconnectivity is related to specific aspects of cognition and affect associated with MDD and that may be related to the known functional roles of these networks.
By assessing functional connectivity intranodally, we have shown that adolescent MDD is associated with reduced connectivity within the dorsal visual attention network and, specifically, between bilateral regions spanning parietooccipital sulcus. This indicates that specific components of functional networks are concurrently abnormally connected in adolescent MDD. One possibility is that abnormal connectivity of regions near parieto-occipital sulcus in MDD is associated with inability to disengage from the visual dorsal stream. In a magnetoencephalography study of unselected adults by Tuladhar et al (2007) , sources located in the vicinity of the parieto-occipital sulcus were associated with working memory load as tracked by activity in the alpha band (Tuladhar et al, 2007) . The authors suggested that this is indicative of alpha activity underlying disengagement or inhibition of the visual dorsal stream. Indeed, alpha functional connectivity between prefrontal and sensory regions has previously been shown to be related to inhibition of irrelevant sensory stimuli (Sacchet et al, 2015a) . In the context of MDD, this suggests that abnormal connectivity in these parieto-occipital regions may be related to robust biases in attention and inhibitory control of irrelevant sensory or internally generated information (for a review, see Gotlib and Joormann, 2010) . Future research should assess this possibility more directly.
We also assessed group differences in network properties using the NBS and anatomically defined nodes using the AAL atlas (Tzourio-Mazoyer et al, 2002) . This analysis did not yield group differences in network connectivity, in contrast to the results obtained using nodes derived from the functionally defined Yeo 17-network solution (Yeo et al, 2011) . This inconsistency may be explained by the results of prior investigations that suggest that the AAL atlas has poorer signal homogeneity than do functionally defined ROIs (Craddock et al, 2011) . The poor signal homogeneity of AAL nodes may be explained by the fact that anatomically defined nodes span multiple RSNs (Gordon et al, 2014) . Thus the current results highlight that anatomically defined nodes may miss network abnormalities that occur within and between functionally defined networks.
Despite the strengths of the current investigation, including a large unmedicated sample and novel assessment of RSN interactions, the cross-sectional design of this study limits causal inferences. Longitudinal studies tracking at-risk individuals are essential to determine whether connectivity interactions among the identified RSNs indicate an increased risk for depression in healthy individuals. Similarly, longitudinal studies examining natural history or treatment effects may help determine whether these functional network abnormalities are reversible with successful treatment or, alternatively, represent a 'neural scar' of depression. The current study is also limited in the age range of participants (13-18 years) and is not adequately powered to assess the extent to which MDD alters the neurodevelopmental trajectory of functional RSNs. Future longitudinal studies will be essential to investigate these issues. Also, although we did not find differences in global or local graph metrics using univariate statistical methods, it is possible that machine learning methods may differentiate adolescents with MDD from healthy individuals (e.g., tractography-based network measures and adult MDD; Sacchet et al, 2014 Sacchet et al, , 2015b . Furthermore, Bonferroni multiple comparison correction may be too conservative in the context of assessing betweengroup differences in graph metrics of functional networks (Meskaldji et al, 2013 ). An additional limitation is the use of regression to remove effects of the nuisance variable of WASI total scores (Miller and Chapman, 2001) . Future research should assess larger samples that are matched on measures of intelligence. It is also noteworthy that Bonferroni correction may be too stringent for multiple comparison correction for the tests of global and local graph metrics and intranodal connectivity. Future, more targeted, assessment of these connectivity features is warranted. Finally, another explanation for the lack of group differences involving limbic networks is that the functional atlas used here includes only cortical regions (Yeo et al, 2011) . Future research should assess whether including non-cortical regions in the RSNs identified here might influence large-scale interactions among RSNs.
In conclusion, using network-based approaches, we found reduced functional connectivity between attention, central executive, salience, and default mode RSNs in adolescents with MDD that have not previously been detected using seed-based resting-state fMRI methods. Because connectivity increases between these RSNs over normal development, our results suggest that MDD may adversely affect normal neurodevelopment during adolescence and that neural models of adolescent MDD should take neurodevelopmental factors into consideration. Network-based outcomes that go beyond activation of single brain areas may also offer more promising treatment targets. Finally, studies with longitudinal designs are needed to determine how RSN interactions relate to the etiology and progression of MDD during adolescence.
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